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However, direct quantitative measurements of the cardiomyocyte mechanical state and its relationship to the interactions between specific ECM proteins and integrins are lacking. The purpose of this study was to characterize the interactions between the ECM protein fibronectin (FN) and integrins in cardiomyocytes and to test the hypothesis that these interactions would vary during contraction and relaxation states in cardiomyocytes. Using atomic force microscopy, we quantified the unbinding force (adhesion force) and adhesion probability between integrins and FN and correlated these measurements with the contractile state as indexed by cell stiffness on freshly isolated mouse cardiomyocytes. Experiments were performed in normal physiological (control), high-K ϩ (tonically contracted), or lowCa 2ϩ (fully relaxed) solutions. Under control conditions, the initial peak of adhesion force between FN and myocyte ␣3␤1-and/or ␣5␤1-integrins was 39.6 Ϯ 1.3 pN. The binding specificity between FN and ␣ 3␤1-and ␣5␤1-integrins was verified by using monoclonal antibodies against ␣ 3 -, ␣ 5 -, ␣ 3 ϩ ␣ 5 -, or ␤ 1 -integrin subunits, which inhibited binding by 48%, 65%, 70%, or 75%, respectively. Cytochalasin D or 2,3-butanedione monoxime (BDM), to disrupt the actin cytoskeleton or block myofilament function, respectively, significantly decreased the cell stiffness; however, the adhesion force and binding probability were not altered. Tonic contraction with high-K ϩ solution increased total cell adhesion (1.2-fold) and cell stiffness (27.5-fold) compared with fully relaxed cells with low-Ca 2ϩ solution. However, it could be partially prevented by high-K ϩ bath solution containing BDM, which suppresses contraction by inhibiting the actin-myosin interactions. Thus, our results demonstrate that integrin binding to FN is modulated by the contractile state of cardiac myocytes.
integrins; extracellular matrix protein; mechanobiology; atomic force microscopy; cell mechanics IN CARDIAC MUSCLE, a salient example of the link between mechanical strain and physiological function is the regulation of cardiac output in response to increasing ventricular pressure. This interaction defines the cardiac pressure-volume relationship (i.e., the Frank-Starling law of the heart). The mechanism for this relationship is believed to involve stretching of the myocytes within the cardiac wall, which impacts the myofilament overlap in such a way that filament interaction and, hence, contractile performance are affected (44) . In addition to the acute effects of mechanical load, prolonged mechanical loading of the myocardium leads to hypertrophy as well as changes in cardiac wall and myocyte stiffness (54, 56, 69, 71) . These changes are accompanied by significant alterations in integrin and extracellular matrix (ECM) protein expression (4, 8, 38, 58, 75, 78, 80, 81) . Fibronectin (FN) is one of the major ECM proteins that promotes the adhesion of cardiomyocytes. FN is normally expressed in the heart and undergoes increased expression in the hypertrophic and injured myocardium (1, 7, 30, 38, 74) . Moreover, an accumulation of immunoreactive FN is seen in the ischemic injured myocardium during the early stages of acute myocardial infarction and may have functions related to the repair process and fibrotic remodeling of the ventricular wall (6, 32) . An imbalance in the production and degradation of ECM proteins may lead to structural alterations such as basement membrane thickening and ECM protein deposition in tissues during the development of cardiovascular diseases (2, 5, 8, 17, 20, 31, 38, 40, 52, 58, 63, 64, 75, 78, 80, 81) . These studies have implied that FN is potentially of major importance to the functioning of the myocardium. However, the roles of FN in the myocardium with respect to its interaction with integrins and other downstream signaling events have not been addressed. In this study, our aim was to characterize the relationship between integrin adhesion and FN in normal myocytes as an essential starting point in understanding its functional significance.
␣ 3 ␤ 1 -Integrin and ␣ 5 ␤ 1 -integrin are two important adhesion receptors for FN, and both bind to the arginine-glycine-aspartic acid (RGD) motif in FN domain III (11, 16, 18, 37, 61) . Integrins, by virtue of their cytoskeletal and signaling protein linkages, are thus believed to form an important mechanosensing and -transducing axis capable of inside-out and outside-in signaling (12, 28, 55, 79) . In cardiomyocytes, integrins have been found localized in costameres, the sites where Z bands connect to the basement membrane. The costamere is structurally integrated with cytoskeletal components and signaling complexes, further supporting the proposition that integrins are involved in mechanical signaling (14, 19, 30, 57) . It has been reported that an application of mechanical stress to integrin adhesion sites causes increased cytoskeletal stiffening, second messenger signals, and phosphorylation of proteins anchored to the cytoskeleton (41, 60, 79) . Thus, there is strong evidence suggesting that integrins act as conduits for the transmission of mechanical force across the cell membrane and the initiation of intracellular signaling (12, 28, 55) .
Cardiomyocytes have been shown to express at least four dominant integrin subtypes, which include ␣ 1 ␤ 1 , ␣ 3 ␤ 1 , ␣ 5 ␤ 1 , and ␣ 7 ␤ 1 (50) . Both ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins recognize ECM proteins containing the RGD sequence, such as found in FN (57, 59) . In addition to ␤ 1 -integrin expression, expression of ␤ 3 -and ␤ 5 -integrins has been reported in cardiomyocytes (33, 46, 66) . In this study, our focus was to determine whether the adhesion properties of two major ␤ 1 -integrin subtypes, ␣ 3 ␤ 1 and ␣ 5 ␤ 1 , which interact with FN, change during the contracted and relaxed states in cardiomyocytes. We hypothesized that the regulation of the interaction between integrins and ECM could form a basis for the physiological modulation of myocyte function as well as for the pathological changes in myocyte function that are correlated with the altered expression of ECM proteins and integrins. If integrin interactions with ECM are capable of rapid modifications, then it is also possible that they may ultimately be shown operative on a beat-to-beat basis.
Currently, little is known about the mechanical characteristics of integrin-ECM interactions in myocytes, and there is nothing known about how these interactions are affected by the contractile state. Technical limitations have somewhat slowed progress toward understanding adhesive interactions at the cellular and molecular levels, particularly in mechanically active cells such as cardiac myocytes. In this study, we used atomic force microscopy (AFM) to measure forces at the pico-and nano-Newton scales to evaluate the adhesion between FN and integrins and to measure cell stiffness as an index of activation during the contracted and relaxed states of cardiomyocytes.
MATERIALS AND METHODS
Adult cardiomyocyte preparation. Adult male mouse cardiomyocytes (FVB/N strain, 2-4 mo) were prepared as previously described (82) . Briefly, the heart was harvested under anesthetic conditions and put into ice-cold Ca 2ϩ -free physiological saline solution (PSS) containing (in mM) 133.5 NaCl, 4 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 10 HEPES, and 11 glucose (pH 7.4). 2,3-Butanedione monoxime (BDM; 10 mM) was present during the dissecting procedure. The aorta was cannulated, and the heart was mounted in a Langendorff perfusion system with Ca 2ϩ -free control solution containing 1 mg/ml BSA (Amersham Life Science, Arlington Heights, IL) at 37°C. After 5 min, perfusion was continued with the same solution containing 25 M Ca 2ϩ together with collagenase type I (62.4 U/ml, Worthington) and type II (73.7 U/ml, Worthington). After ϳ15-20 min, the heart was removed and transferred to a petri dish containing PSS with 100 M Ca 2ϩ . The ventricles were cut into small pieces, which were then gently triturated using a fire-polished Pasteur pipette to release single cells. The cell suspension was filtered through a 250-m mesh collector, and cells were allowed to settle. Collected cells were then resuspended in PSS containing 200 M Ca 2ϩ . After this procedure, cells were stored at room temperature and used within 6 h. A suspension of freshly dispersed cells was plated onto a laminin type I-coated (10 g/ml) dish for at least 30 min in PSS with 1.8 mM Ca 2ϩ before experiments. All experiments were carried out at 22-23°C. All procedures using mouse hearts were approved by the Texas A&M University Animal Care Committee.
AFM force mode operation for force and stiffness measurements. The force contact mode of operation was used for measurements of unbinding force (adhesion force) and was detected and quantified in the AFM probe retraction curve. Relative cortical membrane stiffness (elastic modulus) was measured from the approach curve as previously described (68, 73) . AFM experiments were performed using a Bioscope system (model 3A, Digital Instruments, Santa Barbara, CA), which was mounted on an Axiovert 100 TV inverted microscope (Carl Zeiss). The Bioscope system is equipped with Nanoscope IIIa controller and Nanoscope III software (version 5.12). The AFM probes used were silicon nitride microlevers with conical tips (model MLCT-AUHW). Tip diameters were Ͻ40 nm, and the mean spring constant was ϳ14.4 Ϯ 0.6 pN/nm. For each experiment, the position of the protein (e.g., FN)-labeled probe was controlled to repeatedly touch and retract (z-axis) from the cell surface. Force curves were recorded for these repeated cycles of probe approach and retraction at 0.5-Hz scan frequency and a z-axis movement of 800 nm. The AFM probe tip was selectively positioned between the nucleus and the edge of the cell.
To measure cell cortical stiffness (i.e., elastic modulus or cell resistance to shape deformation; see Fig. 2 ), approach force curves were used for analysis (see dark line in Fig. 2 ). Approach force curves were fitted with the Hertz model between points 2 and 3 (see Fig. 2 ) using MATLAB software (Mathwork) and NForceR software to calculate the cortical stiffness based on tip displacement and membrane indentation (73) . The retraction curve (see dotted line in Fig. 2 ) was used to analyze the specific adhesion forces related to bonding between the AFM tip and cell surface. During retraction, if a specific adhesion event occurred, it was detected as small sharp shift (bond rupture) in the deflection curve obtained during probe retraction from the cell surface. No adhesions were apparent as a smooth retraction curve similar in appearance to the approach curve. These deflection shifts, referred to as "snap-offs," were recorded in the force curve and represent the force required to cause bond failure between FN on the AFM probe and the cell surface (68, 73) . With the application of the spring constant of the AFM probe cantilevers, all deflection shifts (snap-offs) in a retraction curve were detected, quantified, and used to compute the rupture force with NForceR software. Deflection shifts represent the rupture force between the probe and cell surface. With each group of experiments, 500 force curves were sampled from 10 randomly selected cells (obtained from 3 to 5 hearts, 50 curves/cell) for each treatment. Collectively, the adhesion force measurements obtained from all retraction curves were analyzed as force-density (normalized events that with adhesion) relationships. Smooth plots of relative density versus force or stiffness were obtained with standard kernel density estimation methods (48) . The algorithm centers a smoothing window on the distribution of force values, and the predicted density [f(x)] is calculated as a weighted average of the density values for nearby points. The weight given to each point in the smoothing window is controlled by a Gaussian kernel (K) based on the distance between each force (or stiffness) value (x i) and the center of the interval (x) in which xi falls (29) as follows:
where d is dimension. The bandwidth (h) determines the degree of smoothing of the density curve. For these analyses, h was based on the normal reference distribution (77) .
From the density distributions, we recorded peak force/stiffness as well as integrated estimates of force and stiffness. The peak value (mode) represents the most frequent or maximum likelihood value obtained over 500 approach and retraction curves in each experiment. However, the peak values do not convey information about the spread of the force or stiffness measures. We therefore measured integrated values of force and stiffness as well. The integrated values correspond to the areas under the force/stiffness density distribution curves; departures from symmetry in the density distribution (e.g., rightward skew) will thus cause the integrated measures to be greater than the peak values. In probability theory, the integral of the density corresponds to the mean. Although force and stiffness are continuous variables, their density curves can only be estimated at discrete points.
We measured the center and spread of the force/stiffness distributions using standard algorithms for the mean and variance of random variables, allowing summations to approximate integration over the discrete points. X represents the set of plotted values for either force or stiffness having values x 1, x2, x3, . . . xk. For each of these values, there is a corresponding set of probabilities (p1, p2, p3, . . . pk) that can be obtained from the density curve (i.e., plotted relative densities divided by n, the total area under the curve). The mean (i.e., integrated value) of X ( X) is as follows:
SEs of the peak or integrated values of force and stiffness were computed from each density curve by resampling (i.e., sampling with replacement). A bootstrap distribution of the peak or integrated value of a density curve was obtained by constructing density curves from 5,000 random resamples of the data and estimating the peak and integral for each curve. The bootstrap SE for each measure is the SD of the bootstrap distributions (13, 25) .
Labeling of AFM probes. AFM probes were labeled with the ECM protein (i.e., FN) or control proteins using methods we have previously described, which were adopted from Lehenkari and Horton (34, 68) . Polyethylene glycol (PEG; Sigma) was used to cross-link proteins onto silicon nitride probes at room temperature. The probe was first incubated with 10 mg/ml PEG for 5 min, washed with PBS four times, and then incubated with FN (1 mg/ml, Invitrogen, Grand Island, NY) for 1 min. The tip was again washed with PBS for four times. The spring constants were assumed to be unchanged after the protein labeling because only the very end of the cantilever was coated. In nonintegrin antibody, control adhesion experiments, anti-rat major histocompatibility complex class I (MHC) monoclonal antibody (U.S. Biological, Swampscott, MA, 1 mg/ml)-coated AFM probes were used. In nonspecific protein experiments, BSA-coated AFM probes were used.
Ligand application. To determine the specificity of FN-integrin bond, experiments were performed on cells pretreated with either mouse anti-␣ 3-integrin monoclonal antibody (60 nM) or anti-␣5-integrin monoclonal antibody (HM␣5-1, 60 nM, BD Bioscience, San Jose, CA). ␣ 3-and ␣5-integrin subunits are known to associate only with ␤1-integrin (but not the reverse) (mouse anti-␤1-integrin monoclonal antibody, 50 M, BD Bioscience), making these antibodies specific for the ␣ 3␤1-and ␣5␤1-heterodimers. Anti-mouse ␣11-integrin monoclonal antibody (60 nM, R&D Systems) was used as a control for non-FN-recognized integrin.
Fluorescence confocal microscopy. Overnight cultured cardiac myocytes were fixed with 2% paraformaldehyde for 1 h followed by several glycine-PBS washes. Cells were permeabilized with ice-cold methanol for 3 min at 4°C followed again by several rinses with PBS. Cells were then incubated with blocking solution containing 1% BSA (Vector Laboratories), 2.5% normal goat serum, and 0.1% Triton X-100 for 1 h. After the blockade, cells were incubated together with primary mouse anti-␣ 3-integrin and rat anti-mouse ␣5-integrin (5H10 -27, 1:100, BD Bioscience) or primary mouse anti-vinculin (1:100, Chemicon) and rat anti-mouse ␣ 5-integrin (1:100, BD Bioscience) for 1 h. Samples were rinsed and then incubated with secondary antibodies of goat anti-mouse Oregon green 488 IgG and goat anti-rat red Cy5 IgG (1:200, Molecular Probes, Invitrogen) for 1 h in the dark, washed extensively, and treated with ProLong AntiFade (Molecular Probes, Invitrogen). Serial image sections through focus with a step size of 0.1-0.3 m thickness were collected using a Leica AOBS SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany).
Solutions. General data analysis. For adhesion force and stiffness measurements, the NForceR program, Matlab software (MathWorks, Natick, MA), Origin (OriginLab), StatView, and SAS were used. Adhesion force between FN and integrins on myocytes were plotted as a function of the frequency (events) of occurrence. Single-rupture forces (F) were determined using Hooke's law as follows: F ϭ kd, where d is the height of the step change in the retraction curve representing bond rupture (see point 5 in Fig. 2 ) and k is the spring constant. Differences between means for the effect of a given treatment were determined using ANOVA or with an independent two-tail t-test as appropriate. Averaged values are expressed as mean Ϯ SE. Values of P Ͻ 0.05 were considered to be statistically significant.
RESULTS

Distribution of integrins on cardiomyocytes.
To confirm the presence of ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins in cardiomyocytes, the distribution of these integrins was determined by fluorescent immunocytochemistry using monoclonal antibodies against ␣ 3 -and ␣ 5 -integrin subunits. A single cardiac myocyte dual immunolabeled with ␣ 3 -integrin (Fig. 1A, green) and ␣ 5 -integrin (Fig. 1A , red) monoclonal antibodies showed that these two integrins are heavily concentrated in the costameric structures of myocytes. The overlay of the ␣ 3 -and ␣ 5 -integrin images with "zoom-in" revealed that the two integrins are distributed in costameric structures of the myocyte (Fig. 1A , ␣ 3 ϩ ␣ 5 ), which is consistent with previous studies (21, 57) describing integrin distribution in cardiomyocytes. To further determine the proximity of the integrins to the cytoskeleton structure in cardiomyocytes, we examined the distribution of ␣ 5 ␤ 1 -integrin and vinculin as a cytoskeletal protein. Cardiac myocytes dual immunolabeled with vinculin (Fig. 1B, green) and ␣ 5 ␤ 1 -integrin (Fig. 1B, red) monoclonal antibodies showed that vinculin and ␣5␤1-integrin are concentrated in costameres and the intercalated disk of myocytes. The overlay of ␣ 5 -integrin and vinculin with zoom-in magnifications revealed that these two structures are closely localized in the vicinity of the costamere structure (Fig. 1B) .
Analyses of the adhesion force between the FN-coated probe and a single cardiomyocyte. To measure the cell membrane stiffness and adhesion force (unbinding force) between FN and the cardiomyocyte surface, AFM probes coated with FN were applied to the membrane surface of noncontracting cardiomyocytes. A typical force curve is shown in Fig. 2 . When the FN-coated probe moved to approach the cell surface (from point 1 to point 2), force remained at zero level. The cantilever bent, encountered a resistance, and changed the deflection signal after contact with the surface (dark "approach" line, from point 2 to 3). Point 2 represents the "reflection" point or "contact" point. Data in the region of points 2-3 were used to fit the Hertz model to calculate cell cortical stiffness. The stiffer the cell, the less the indentation and the steeper the upslope of the force curve. As probe retraction started (dotted "retraction" line), resistance force decreased (from point 3 to 4). The snap-off that represents bond rupture (i.e., adhesion force) between FN and the cardiomyocyte is shown in the retraction line (dotted line point 5). As shown in Fig. 2 , the example trace shows three adhesion events (bond rupture) that occurred when the FN-coated probe retracted. When all adhesions between the FN-coated probe and cardiomyocyte have been broken, the retraction curve again overlies the initial approach curve level (point 6) because net forces acting on the cantilever are zero (i.e., equivalent to force acting on the probe during the approach).
To analyze the distribution of adhesion events, the observed adhesion events plotted as histograms were fitted with Gaussian distributions to resolve integrin-FN bond adhesion force. Data analyses showed a good agreement between the raw data (histogram) and the fitted line (Fig. 3A, solid line) . The peak bond rupture force (initial peak of the adhesion force in Fig.  3A ) of FN-integrin was ϳ39.6 Ϯ 1.3 pN (Fig. 3A , control, n ϭ 10), which likely represents a FN-integrin single bond unbinding force (67, 68, 73) . The bar at the right of Fig. 3A shows the probability of FN-integrin adhesion events defined as the percentage of the curves with adhesion divided by total recorded curves. Under conditions defined for these experiments, the probability of adhesion events between the FN-coated probe and cardiomyocyte was 65% (Fig. 3) . We also performed control experiments in which myocytes were plated directly on the glass plate without laminin and measured adhesive force and probability. Our results showed that the adhesion (force and probability of binding) between FN and integrins was not significantly different from the cells plated on laminin-coated plates (adhesion force: 38.6 Ϯ 0.9 vs. 39.6 Ϯ 1.3 and probability: 61% vs. 65%), indicating that there was no significant influence of the substrate laminin on the measured interactions with FN. We also examined the adhesion force and probability of adhesion using FN-coated microbeads (5 m, n ϭ 6) on the tip of the AFM probe. While the adhesion force between FN-integrin was not significantly different from the adhesion force measured with the conically tipped AFM probe (38.1 Ϯ 1.0 vs. 39.6 Ϯ 1.3 pN), the probability of adhesion was significantly greater with the microbead-tipped AFM probe due to the larger contact area of the microbead with the cardiomyocyte cell membrane (84% vs. 65%).
To determine whether adhesion or mechanical characteristics would vary in different regions of the cell body, force curve measurements were performed on three regions of the cell body. Measurement sites were selected 25% from either end of the myocyte and in the lengthwise center of the cell (n ϭ 4). Results demonstrated that there were no differences in cell stiffness or adhesion characteristics at either of the two cell ends (data not shown). However, the adhesion probability and cell stiffness from the central region of the cell were 14% and 47%, respectively, lower than similar measurements made at the end of the cells (data not shown). A comparison of the FN adhesion force indicated that there were no differences among the three different regions. For all experiments reported below, data presented were collected with the probe positioned 25% from the end of the myocyte.
FN exhibits binding specificity for ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins on cardiomyocytes. ␣ 3 ␤ 1 -Integrin and ␣ 5 ␤ 1 -integrin have been documented to bind FN (50) . To verify their roles in adhesion events between FN and cardiomyocytes, cells were pretreated with integrin monoclonal antibodies. We used anti-␣ 3 -or anti-␣ 5 -integrin antibody (60 nM) to block ␣ 3 -or ␣ 5 -integrin subunits. Since ␣ 3 -and ␣ 5 -integrin subunits are known to associate only with the ␤ 1 -integrin subunit, we assumed that these antibodies provide information regarding binding specificity for ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins (27) . There were no significant changes in the initial peak adhesion force in the presence of either ␣ 3 -integrin (41.1 Ϯ 3.2 pN, 60 nM, n ϭ 10; Figs. 3C and 4A) or ␣ 5 -integrin (41.2 Ϯ 2.2 pN, 60 nM, n ϭ 10; Figs. 3B and 4A) monoclonal antibodies. However, the probability of attachment to FN was inhibited by 48% or 65% in the presence of anti-␣ 3 -or anti-␣ 5 -integrin monoclonal antibodies, respectively (Fig. 3, B and C). Pretreatment with antibodies also reduced the area under the Fig. 2 . Raw force curves generated using fibronectin (FN)-coated atomic force microscopy (AFM) probes on cardiomyocytes. FN-coated probes (1 mg/ml) were controlled to repeatedly (800 nm/s z-axis movement at 0.5-Hz frequency) approach (solid trace) and retract (dotted line trace) from freshly isolated cardiomyocytes. Points 1-6 represent the stages of approach and retraction (explained in detail in the RESULTS). The insets show the AFM probe approaching the myocyte (top left inset, point 1 in the curve). Note that the image of the AFM cantilever is blurred as it is above the plane of focus. The bottom right inset shows the AFM probe in contact with the myocyte (point 2 in the curve). Note that the AFM cantilever is in sharp focus. CVM, cardiomyocyte. adhesion force density distribution curve (i.e., displayed less spread than with FN alone), indicating fewer total adhesion events (Fig. 3, A-C) . The integrated force value, determined as average force from all adhesion events, was also calculated as described in MATERIALS AND METHODS. The integrated adhesion force between FN and the myocyte was 81.1 Ϯ 2.3 pN. The integrated force was inhibited by 21% in the presence of ␣ 3 -integrin monoclonal antibody and by 23% in the presence of ␣ 5 -integrin monoclonal antibody (Fig. 4B) . Treatment with the combination of anti-␣ 3 -and ␣ 5 -integrin monoclonal antibodies significantly reduced the adhesion force (to 28.1 Ϯ 1.2 pN), probability of attachment, and integrated force by 29%, 70%, and 59%, respectively, compared with FN binding alone (Figs. 3D and 4) . In addition, treatment with ␤ 1 -integrin monoclonal antibody, to block all available ␣␤-integrin combinations, including ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins, significantly reduced the adhesion force (to 25.2 Ϯ 0.1 pN), probability of attachment, and integrated force by 36%, 75%, and 61%, respectively (n ϭ 10; Fig. 4 ). To further determine the specificity of the adhesion force and probability between ␣ 3 ␤ 1 -integrin-FN and ␣ 5 ␤ 1 -integrin-FN, a non-FN ␣ 11 -integrin subunit monoclonal antibody was used. The results showed no significant difference in adhesion force, probability of attachment, and integrated force compared with FN alone in the presence of ␣ 11 -integrin monoclonal antibody (n ϭ 10; Fig. 4) .
Furthermore, as an antibody control, nonintegrin binding antibody, anti-rat MHC monoclonal antibody (1 mg/ml)-coated AFM tips were tested (n ϭ 10). MHC class I receptor molecules were detected on almost every cell, but the probability of binding and adhesion force were significantly lower compared with FN (n ϭ 10)-coated AFM probes (Ϫ85% and Ϫ29%, respectively). As a nonspecific protein control, AFM probes were coated with BSA. BSA-coated probes (n ϭ 10) also exhibited a significantly lower probability of binding and adhesion force compared with FN-coated probes (Ϫ75% and Ϫ24%, respectively). Finally, uncoated AFM probes alone exhibited 65% lower probability of binding and 45% lower adhesion force than FN-coated probes.
Adhesion force and membrane stiffness of cardiomyocytes are dependent on the actin-myosin cytoskeleton. The membrane cytoskeleton is a critical junction for mechanotransduction in cardiomyocytes. Complexed with integrins at focal adhesions, mechanical forces are transmitted bidirectionally across the cell membrane. Forces transmit from the ECM to the cytoskeleton when extracellular forces act on the myocyte and from the cytoskeleton to the extracellular environment when myocytes generate contractile force. Thus, the cytoskeleton has been proposed to provide an intracellular structure for transmitting contractile forces out of the cell to the matrix as well as a pathway for transmitting external forces into the cell and nucleus (27, 42, 57) . To investigate the changes in the actinmyosin cytoskeleton in cardiomyocytes, force curve measurements were performed in the presence of cytochalasin D, an F-actin-disrupting agent, or BDM, an agent that suppresses contraction by inhibiting actin-myosin interactions (23, 72) . Treatment of myocytes (n ϭ 10) with cytochalasin D or BDM had no effect on adhesion force (Fig. 5A ) or adhesion probability (Fig. 5B) . However, integrated adhesion force was significantly reduced (Fig. 5D ) by both cytochalasin D (Ϫ32%) and BDM (Ϫ24%). Cell stiffness in control myocytes was 31.0 Ϯ 0.5 kPa; the decrease in myocyte cell stiffness after cytochalasin D (Ϫ85%) or BDM (Ϫ70%) treatment supported the cytoskeletal effects of these agents (Fig. 5D) .
Adhesion force and membrane stiffness of cardiomyocytes change under contracted and relaxed states. To quantify the changes in FN adhesion during contraction and relaxation of the myocyte, adhesion measurements were compared under conditions where high-K ϩ solution was used to induce a tonically contracted state and low-Ca 2ϩ solution with EGTA and BDM was to induce a fully relaxed state. Images of typical cardiomyocytes in these two solutions are shown as insets in Fig. 6, A and B . All cardiac cells that were studied were visibly observed to contract in high-K ϩ solution (Fig. 6A, inset) . During tonic contraction, peak adhesion force was significantly increased (1.2-fold, P Ͻ 0.05) from 38.4 Ϯ 2.5 pN in relaxed cells (n ϭ 10, Fig. 6B with inset cell image) compared with 47.9 Ϯ 1.5 pN in contracted cells (n ϭ 10; Fig. 6, A and B) . Contraction was also associated with a 2.8-fold increase (P Ͻ 0.05) in adhesion probability compared with myocytes under relaxed conditions (53% in contracted vs. 19% in relaxed, n ϭ 10; Fig. 6, A and B) . In addition, the adhesion force density distribution curve observed in cells under the contracted state displayed significantly more adhesion events (i.e., more area under probability distribution) than occurred in cells under the relaxed state (Fig. 6, A and B) . The increase in myocyte adhesiveness during contraction was also apparent as a 1.6-fold Fig. 4 . Summary data of adhesion force and integrated force with the FNcoated AFM probe in cardiomyocytes. The adhesion force (A) represents the first peak force, and the integrated force (B) represents the total area under the force-density distribution curves. Calculations are presented in MATERIALS AND METHODS. Adhesion force was not changed in the presence of ␣3-or ␣5-integrin monoclonal antibodies alone, whereas the combination of ␣3-and ␣5-integrin monoclonal antibodies and ␤1-integrin monoclonal antibody decreased adhesion force. Integrated force, which provides a metric reflecting the average overall adhesiveness, was decreased by ␣3-or ␣5-integrin monoclonal antibodies and further decreased by the combination of ␣3-and ␣5-integrin monoclonal antibodies and ␤1-integrin monoclonal antibody (50 M). Non-FN ␣11-integrin (60 nM) showed no significant effects on adhesion force and integrated force. *P Ͻ 0.05 vs. control (FN-coated AFM probe alone). n ϭ 10 for each group.
higher integrated force in contracted cardiomyocytes compared with cells in the relaxed state (Fig. 7B) .
Consistent with a state of cell contraction and relaxation, the cell stiffness or elasticity was 137.5 Ϯ 5.3 kPa in the contracted state, which was 27.5-fold greater than in the relaxed condition (Fig. 7C) . To control for the effect of cell shortening and force generation by actin-myosin cross-bridge cycling, myocytes were treated with a combination of high-K ϩ solution plus BDM (Fig. 6C) . With BDM (10 mM) in high-K ϩ bath solution, the adhesion force and integrated force decreased by 17% and 25%, respectively (Fig. 7, A and B) compared with high-K ϩ solution alone. There were no significant differences in adhesive probability without or with BDM in high-K ϩ state, and the probability of binding remained significantly higher than in the relaxed state. The presence of BDM in high-K ϩ solution prevented visible cell shortening (Fig. 6C, inset) and the increase in cell stiffness observed with high-K ϩ solution alone. BDM decreased cell stiffness by 82% compared with high-K ϩ solution alone (Fig. 7C) . In addition, the probability, integrated force, and stiffness of high-K ϩ solution ϩ BDM-treated cells were 2.7-, 1.2-, and 5.1-fold greater than in relaxed cells, respectively (Fig. 7, B and C) .
DISCUSSION
The results of this study demonstrate that FN-cardiomyocyte adhesion through ␣ 3 -and ␣ 5 -integrins varies with the contractile status of the myocyte, indicative of dynamic regulation of integrin adhesion during cell contraction.
Transmembrane integrins that link the ECM and intracellular cytoskeleton are important for mechanosensation and mechanotransduction. Integrins can act as conduits to mechanically transfer forces and initiate biochemical signals from the outside of the cell to the inside and from the inside of the cell to the outside (12, 28, 55, 79) . In cardiomyocytes, costameres in general are considered as the subsarcolemmal protein assemblies that circumferentially align in register with the Z disk of peripheral myofibrils. Thus, costameres physically couple force-generating sarcomeres with the sarcolemma in cardiac muscle (9, 15, 47) . The costamere structure, including integrin linkage to the Z disk of the sarcomeres via the cytoskeleton proteins talin, vinculin, desmin, FAK, and ␣-actinin, plays an important role in mechanotransduction (57) and is analogous to the focal adhesions found in other cell types. Cardiac myocytes normally express ␣ 1 -, ␣ 3 -, ␣ 5 -, ␣ 6 -, ␣ 7 -, ␣ 9 -, ␣ 10 -, and ␤ 1 -integrins; of these, the four most prevalent subtypes are ␣ 1 ␤ 1 -, ␣ 3 ␤ 1 -, ␣ 5 ␤ 1 -, and ␣ 7 ␤ 1 -integrins (49, 50) . We (59) have previously shown the expression of ␣ 5 ␤ 1 -integrin in the intact mouse myocardium. The data in the present study show that the presence of ␣ 5 ␤ 1 -integrin in isolated cardiomyocytes qualitatively matches the expression of integrins in the intact heart tissue. The expression of ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins and the cytoskeleton protein vinculin in the vicinity of the costameres and intercalated disk (Fig. 1 ) in cardiomyocytes is consistent with the importance of the ECM-integrin-cytoskeleton axis in mechanotransduction.
The ECM of heart tissue is largely composed of collagen, FN, and laminin (26, 39) . FN is deposited as an insoluble complex of either a cellular form that is synthesized and secreted locally by nonmuscle cells or a circulating form that is synthesized and secreted by hepatocytes (30, 58) . The presence of FN in normal rat and mouse cardiac tissues has been previously reported (10, 76) , and an increase in the amount of FN deposition in the hypertrophied or injured myocardium has also been documented (6, 38 , 58, 75) . However, in isolated myocytes using the collagenase digestion method as we used in this study, the basement membrane is completely disrupted and collagen and pericelluar matrix proteins, like FN, are mostly removed from the cell surface (10, 36) . In this study, we sought to explore the relationship between FN adhesion and mechanosensation in normal myocytes. Our hypothesis was that transmission of an increased level of force during cell contraction and a decreased level of force during relaxation would correlate with a corresponding increase in integrin adhesion to FN during contraction and a decrease in adhesion during A: during relaxation, decreased adhesion force, probability of adhesion, and cell stiffness could be related to the decreased availability of activated integrin receptors within the costamere complex. B: in comparison, during contraction, increased adhesion force, probability of adhesion, and stiffness could be related to the increased availability of active integrin receptors and fortification of the costamere complex. The activation of integrins could hypothetically be related to inside-out ligand-activated signaling mechanisms (e.g., Ca 2ϩ ) that can act to coordinate the contractile state with adhesion. Myofilaments: actin, myosin, tropomyosin, and troponin. ECM, extracellular matrix; ϩ, activation; Ϫ, inhibition. relaxation (Fig. 8) . It was speculated that this would allow the myocyte to be mechanically and energetically more efficient at transferring force. AFM has been proven to be an unparalleled tool for the study of adhesion kinetics in cells (24, 45) . It has both the spatial and temporal resolution to permit the study of adhesion at the scale of single molecules and is a proven technique for the study of adhesion in cells. In our experiments, we used AFM to measure adhesion force and adhesion probability as indicators of FN-integrin interactions and to measure cell stiffness as an indicator of the cell contractile state.
To quantify the adhesive events between FN and myocyte integrin proteins, the force that caused the bond between integrin and FN to rupture (unbinding force) was quantified. Previous work in our laboratory and by others (35, 68, 73) has provided evidence to show that the force required to disrupt adhesion between FN and ␣ 5 ␤ 1 -integrin is between 35 and 80 pN. In the present study, we measured the comparable unbinding force for the interaction between FN and integrins as 39.6 Ϯ 1.3 pN using a conically tipped FN-coated AFM probe and as 38.1 Ϯ 1.0 pN using a microbead-tipped AFM probe. A number of factors have been shown to contribute to the measured unbinding force and probability of an adhesion event occurring, such as the sampling location on the cell surface, ligand concentration, probe spring constant, and loading rate (3, 68) . To minimize contributions from these sources of variation, we held each of these variables constant for our experiments.
The data from the present study demonstrated that the probability of adhesion to FN-integrins significantly decreased but not the bond rupture force in the presence of ␣ 3 -or ␣ 5 -integrin monoclonal antibodies, whereas in the presence of both ␣ 3 -and ␣ 5 -integrin antibodies or ␤ 1 -integrin monoclonal antibody, the adhesion force was significantly reduced (Figs. 3  and 4) . Non-FN ␣ 11 -integrin monoclonal antibody had no effects on adhesion force and adhesion probability, demonstrating the specificity of FN binding to ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins. Presumably, ␣ 3 -or ␣ 5 -integrin monoclonal antibodies act by preventing FN on the AFM probe from interacting with these integrins on the cell surface in the manner of a competitive inhibitor; thus, the antibodies bind to the integrin and reduce the availability of these integrins to the probe, which would decrease the binding probability and binding force between FN-integrin. These results support the ␣ 3 -and ␣ 5 -integrin specificity of the binding to FN. The residual adhesion force observed in the presence of combined antibodies to ␣ 3 -and ␣ 5 -integrins (28.1 Ϯ 1.2 pN) or to ␤ 1 -integrin (25.2 Ϯ 0.1 pN) may be due to cell membrane force and/or membrane tether formation and/or the nonspecific binding we observed with control BSA protein on the AFM tip or tip alone. In particular, these residual forces are similar in magnitude to the membrane tether forces reported by Sun et al. (65) of 28.6 Ϯ 10, 29.6 Ϯ 9, and 29.6 Ϯ 10 pN in Chinese hamster ovary cells, a malignant human brain tumor cell line, and human endothelial cells, respectively.
The data shown in Fig. 6 clearly demonstrate that the FN-integrin adhesion force and adhesion probability in contracted cells are greater than in cells under relaxed conditions. An interpretation of the increase in bond rupture force and adhesion probability observed in cardiomyocytes under the contracted state compared with cells in the relaxed state raises several possibilities. First, the increase in the probability of adhesion could have resulted from an increased number of integrins available for binding at the cell surface during contraction. Whether the increased probability is mediated by an increase in the number of receptors being expressed/inserted in the cell membrane or increased activation of receptors already present on the surface has not yet been determined. Second, the increase in measured force could result from integrin activation, leading to a more tightly bound state. Both of these types of inside-out integrin regulation have been reported to occur (27, 42) . Finally, another possibility of enhanced adhesion force during contraction is that the cytoskeletal attachments to integrins at the cell surface are enhanced (43) . It has been shown that the stability of the ECM-integrin-cytoskeleton axis is crucial to and required for cell contraction (70) .
Furthermore, our data demonstrate that the cell stiffness or elasticity of cardiac myocytes during tonic contraction was higher than that of cells under the relaxed state (Fig. 7) . This is consistent with the view that membrane depolarization caused by high extracellular K ϩ would lead to Ca 2ϩ entry and subsequent myofilament activation and cytoskeleton stiffening (Fig.  8 ). Similar to our observations, an increase in cell stiffness during contraction has been reported in rat atrial myocytes using AFM. This increase in stiffness was associated with actin-myosin formation and force generation (62) . It has also been shown that changes in [Ca 2ϩ ] i levels and activation of cytoskeletal filaments are major components responsible for the cellular indentation stiffness (51) . Thus, in addition to providing valuable insights into changes in cell adhesion, the stiffness measurements obtained from the AFM force curves can provide important temporal information related to the cell activation status.
To our knowledge, this is the first report to advance and provide support for the hypothesis that integrin adhesive properties are modulated differently in a contracted condition versus a relaxed condition in the myocyte. The mechanism we propose is one whereby the cell signaling that activates contraction or altered contractility will also activate integrins through an inside-to-out signaling pathway. The activated integrins would be evident as the altered adhesion that we examined and demonstrated in these investigations with AFM. A simplified schematic representation showing the adhesive events, probability, and cell stiffness at the contracted and relaxed states of the cardiac cell is shown in Fig. 8 . In the context of our hypothesis, the subsequent alteration in integrin adhesion to the ECM could conceivably initiate a secondary round of outside-in signaling changes including the changes/ activation in the costamere complex and activation of Ca 2ϩ channels, as shown in Fig. 8 . As an example of possible feedback from altered ECM-integrin interactions, we recently observed that FN induces a Ca 2ϩ increase and an increase in force development in mouse papillary muscle fibers (unpublished observations). Rueckschloss et al. (53) demonstrated that contraction could induce an enhancement of Ca 2ϩ currents by FN and RGD peptides in guinea pig cardiomyocytes. We (22, (83) (84) (85) have also previously reported that FN modulates Ca 2ϩ and K ϩ channels through ␣ 5 ␤ 1 -integrin in vascular smooth muscle and human embryonic kidney cells heterologously expressing neuronal and smooth muscle Ca 2ϩ channel isoforms. Sorting out the integrin signaling pathways and cytoskeletal changes involved in feedforward and feedback processes during cell contraction and relaxation will be an important challenge for the future.
In conclusion, our data indicate that FN interactions on cardiomyocytes involve ␣ 3 ␤ 1 -and ␣ 5 ␤ 1 -integrins and that adhesive interactions with these integrins are modulated by the contractile state in cardiomyocytes. We speculate that these changes in adhesion would act to match the adhesive state of the cell with the generation of contractile force thereby enhancing mechanical efficiency. Further studies will be required to clarify the mechanisms by which these adhesive changes occur and to determine if such changes in adhesion can be modulated on a beat-to-beat basis in cardiomyocytes.
